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Abstract 

  
Ecosystem management in the marine environment is an especially challenging 
endeavor due to the enormity of marine management areas, relative sparseness 
of marine observation data and the highly dynamic nature of the ocean 
environment. Strategic development of new spatial analysis tools is needed to 
provide a more robust framework for analysis in this challenging environment. In 
this overview, I present three areas of scientific needs and example tools now 
under development to meet these needs. The three general areas of interest are: 
habitat characterization, spatio-temporal models and connectivity analysis 
frameworks. To address issues of habitat characterization, I present examples of 
benthic complexity model development as a surrogate spatial data analysis when 
habitat observation data is unavailable. In the second example I provide 
examples of the development and tuning of spatio-temporal habitat models in 
dynamic marine environments. In the third example, I provide examples of 
connectivity models, using network analysis in marine planning applications. 
These example applications are provided to illustrate the range of different 
spatial analysis tools that will be required to meet future needs for marine 
ecosystem scientists and managers. 
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Spatial analysis needs for marine ecosystem Spatial analysis needs for marine ecosystem 
management: management: Habitat characterization, Habitat characterization, spatiospatio--

temporal models, & connectivity analysistemporal models, & connectivity analysis
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Charge to the speakers…Charge to the speakers…

The Science Needs session will survey the spatial analyses 
or tools that living marine resource scientists need to 
understand individual components of an ecosystem and how 
those components interact. 

Topics of discussion may include but are not limited to 
delineation of ecosystem boundaries, characterizing characterizing 
species distributionspecies distribution and abundance, spatial variation in 
food webs, ecosystem model choicemodel choice and spatial data or 
analysis requirements, analytical framework analytical framework development 
etc.

Science Needs



September 8, 2004

Science needsScience needs

Background Background 

Habitat characterizationHabitat characterization
Benthic “habitat”Benthic “habitat”
Pelagic “habitat”Pelagic “habitat”

SpatioSpatio--temporal modelingtemporal modeling
Habitat modelingHabitat modeling
Model evaluationModel evaluation
SpatioSpatio--temporal analysistemporal analysis

Connectivity analysis frameworkConnectivity analysis framework
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Ongoing marine spatial projects:Ongoing marine spatial projects:

Carolinian marine Carolinian marine ecoregionalecoregional planplan
SS--Central Fla. marine Central Fla. marine ecoregionalecoregional planplanMarine Initiative

The Nature 
Conservancy®

ESRI Marine Data ModelESRI Marine Data Model

Marine mammal habitat modelingMarine mammal habitat modeling

OBIS OBIS –– SEAMAPSEAMAP
OBIS-SEAMAP
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OBISOBIS--SEAMAPSEAMAP OBIS•SEAMAP
mapping marine megavertebrates

http://seamap.env.duke.edu

OOcean cean BBiogeographic iogeographic IInformation nformation SSysteystem m -- SSpatial patial EEcological cological 
AAnalysis of nalysis of MMegavertebrate egavertebrate AAnimal nimal PPopulationopulationss

Ocean Biogeographic Information System 
OBIS-SEAMAP

Historical-MAP 

Future-MAP 

Field Projects 

sponsorssponsors
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64 datasets - 280,243 records (1947 – 2004)

Current Data StatusCurrent Data StatusOBISOBIS--SEAMAPSEAMAP
OBIS•SEAMAP

mapping marine megavertebrates

http://seamap.env.duke.edu
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A histogram of observations over time 
allows you to step through the 
environmental background data, retrieved 
on-the-fly from  JPL PO-DAAC servers.

Tools for Data IntegrationTools for Data Integration

Select Environmental Background:Select Environmental Background:
Sea Surface TemperatureSea Surface Temperature
Sea Surface HeightSea Surface Height
Wind Speed and DirectionWind Speed and Direction
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Marine Animal Data…Marine Animal Data…

Nodes

Portals

Ocean Ocean BiogeographicBiogeographic Information SystemInformation System

Hierarchical Information networks….

oceanography
producers

prey
top predators

fisheries / mgmt

““trophictrophic” information networks” information networks

OBIS-SEAMAP
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Nodes

Portals

Hierarchical Information networks….

oceanography
producers

prey
top predators

fisheries / mgmt

““trophictrophic” information networks” information networks

Marine ecosystem management Marine ecosystem management 
information systemsinformation systems

A distributed data & analysis approachA distributed data & analysis approach
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Science needsScience needs

BackgroundBackground

Habitat characterizationHabitat characterization
Benthic “habitat”Benthic “habitat”
Pelagic “habitat”Pelagic “habitat”

SpatioSpatio--temporal modelingtemporal modeling
Habitat modelingHabitat modeling
Model evaluationModel evaluation
SpatioSpatio--temporal analysistemporal analysis

Connectivity analysis frameworkConnectivity analysis framework
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Carolinian Ecoregion
Goal 30% / 0.5 BLM

Marine Initiative

The Nature 
Conservancy®

Benthic habitat characterizationBenthic habitat characterization

identification of “aggregation areas”identification of “aggregation areas”
conservation prioritizationconservation prioritization
ecoregionalecoregional planningplanning
MPA designMPA design

Applications:Applications:
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The Marine Ecoregional Planning ProcessThe Marine Ecoregional Planning Process
deriving marine ecological units:

3 depth classes
8 bottom complexity / rugosity types
3 relief classes (flat, low, high)
________________________



The Marine Ecoregional Planning ProcessThe Marine Ecoregional Planning Process

Bottom
Complexity
(threshold)

dredged channel

potential “natural” benthic complexity
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“Biological Hot spots”
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Science needsScience needs

Benthic habitat characterization needs…Benthic habitat characterization needs…

“Hot spot” analysis is not going to be enough…“Hot spot” analysis is not going to be enough…

Needs:Needs:
more objective, spatial & temporal definitions of…more objective, spatial & temporal definitions of…

ecosystem processesecosystem processes
ecosystem functionsecosystem functions
ecosystem dynamicsecosystem dynamics
ecosystem services ecosystem services 
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Science needsScience needs

BackgroundBackground

Habitat characterizationHabitat characterization
Benthic “habitat”Benthic “habitat”
Pelagic “habitat”Pelagic “habitat”

SpatioSpatio--temporal modelingtemporal modeling
Habitat modelingHabitat modeling
Model evaluationModel evaluation
SpatioSpatio--temporal analysistemporal analysis

Connectivity analysis frameworkConnectivity analysis framework
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Pelagic habitat analysisPelagic habitat analysis

In order to predict the dynamics of marine animal In order to predict the dynamics of marine animal 
populations and fisheries interactions we need to populations and fisheries interactions we need to 
directly analyze directly analyze animal interactions with animal interactions with 
oceanographic processesoceanographic processes……
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Optimizing fisheries closures in space and time.

D’Agrosa, C., A.J. Read, P. N. Halpin, M.A. Hall. (2004 - in prep.) Reducing the ecological cost of the US 
Atlantic swordfish longline fleet: Tools for incorporating spatial distribution into time-area closure design.

Spatial optimization algorithms used to 
select potential locations to reduce sea 
turtle bycatch in the Atlantic swordfish 
fishery.

Marine Management ApplicationMarine Management Application
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Source: http://www.po.gso.uri.edu/SST/

Sea Turtle Tracks (Caretta caretta) Sea Surface Temperature (WCR)

Source: http://obis.env.duke.edu/datasets/
(Read & McClellan2004)

Pelagic Habitat CharacterizationPelagic Habitat Characterization
Animal Tracking (telemetry location series)

……are animals tracking prey along are animals tracking prey along 
oceanographic features?oceanographic features?

(e.g. outer edge of a warm(e.g. outer edge of a warm--core ring…)core ring…)
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Animal Tracking Animal Tracking (telemetry location series)(telemetry location series)

Turtles: Cayman Islands

Dive Profiles:
~4-D Data (X,Y,Z,T m…m)

Z X

Y

T

m m
m

Beginning new work on 
multidimensional GIS 
design…
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Science needsScience needs

Pelagic habitat characterization needs…Pelagic habitat characterization needs…

“Mapping spatial pattern is not going to be enough…“Mapping spatial pattern is not going to be enough…

Needs:Needs:
more objective, spatial definitions of…more objective, spatial definitions of…

animal behavior / responsesanimal behavior / responses
spatiospatio--temporal modelingtemporal modeling
spatiospatio--temporal managementtemporal management
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Science needsScience needs

BackgroundBackground

Habitat characterizationHabitat characterization
Benthic “habitat”Benthic “habitat”
Pelagic “habitat”Pelagic “habitat”

SpatioSpatio--temporal modelingtemporal modeling
Habitat modelingHabitat modeling
Model evaluationModel evaluation
SpatioSpatio--temporal analysistemporal analysis

Connectivity analysis frameworkConnectivity analysis framework



Habitat preference / environmental affinityHabitat preference / environmental affinity
Behavior / responseBehavior / response
Density / abundanceDensity / abundance
Forecasting / probabilistic encounterForecasting / probabilistic encounter
Management / optimizationManagement / optimization

Encounter Rate Model (n/L) Density Model (D)Group Size Model (s)

From: J. Barlow, et. al 2003. SERDP program presentation D’Agrosa & Halpin 2000

Habitat Model

Types of models Types of models –– Types of questionsTypes of questions

2 modeling projects: SWFSC & Duke University2 modeling projects: SWFSC & Duke University
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Data Space

Redefine Model

Statistical ApplicationsGeographic Space

Sample Data

Geographic Space

Model Habitat

Typical marine animal habitat modeling approachTypical marine animal habitat modeling approach
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Classification: CARTClassification: CART
Environmental Space as a hypervolume

var1
var2

va
r3

Depth
Sea Surface Temp
Distance from shelf break

sampling

modeling

mapping
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Modeling example:Modeling example:
Sperm Whale: Sperm Whale: PhyseterPhyseter macrocephalusmacrocephalus

Two NEFSC Data setsTwo NEFSC Data sets
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Two SEFSC Data setsTwo SEFSC Data sets

Modeling example:Modeling example:
Sperm Whale: Sperm Whale: PhyseterPhyseter macrocephalusmacrocephalus
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0 - 100% probability range
No threshold set for habitat 

.vs non-habitat

Model output calculated for: oceanographic 
conditions, August 5-12 1998 

PhyseterPhyseter macrocephalusmacrocephalus

Data Sources: NEFSC & SEFSCData Sources: NEFSC & SEFSC

Modeling example:Modeling example:
Sperm Whale: Sperm Whale: PhyseterPhyseter macrocephalusmacrocephalus
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Data Sources: NEFSC & SEFSCData Sources: NEFSC & SEFSC

Modeling example:Modeling example:
Sperm Whale: Sperm Whale: PhyseterPhyseter macrocephalusmacrocephalus

SampleSample points
vs. randomrandom points
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Sample points
vs. randomrandom points

Data Sources: NEFSC & SEFSCData Sources: NEFSC & SEFSC

Modeling example:Modeling example:
Sperm Whale: Sperm Whale: PhyseterPhyseter macrocephalusmacrocephalus
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Relating Relating spatiospatio--temporal environmenttemporal environment

Distance from frontDistance from front Temporal series of sampling effort & environment Temporal series of sampling effort & environment 

Modeling example:Modeling example:
Sperm Whale: Sperm Whale: PhyseterPhyseter macrocephalusmacrocephalus
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Types of modelsTypes of models

Source: Guisan & Zimmermann, 2000.

Different Statistical Approaches to Ecological Habitat Modeling

(a) Generalized Linear Model with 
second order polynomial terms; 

(b) Generalized Additive Model with 
smoothed spline functions;

(c) Classification Tree (CART); 
(d) Environmental Envelope models
(e) Canonical Correspondence 

Analysis; 
(f) Bayesian models according to 

Aspinall (1992); 
pp  posterior probability of presence of the modeled 
species, ppp a priori probability of presence, ppa a 
priori probability of absence, pcp product of 
conditional probability of presence of the various 
predictor classes, pca product of conditional 
probability of absence of the various predictor 
classes.

Logistic Regression
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Sperm Whale: Sperm Whale: PhyseterPhyseter macrocephalusmacrocephalus (P. (P. 
catadoncatadon))

0 - 100% probability range
No threshold set for habitat 

.vs non-habitat

Model output calculated for: oceanographic 
conditions, August 5-12 1998 

What probability What probability 
threshold should be threshold should be 

used? used? 
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Potential Habitat Model: Process

From: Guisan and Zimmermann 2000
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The 45° line represents the sensitivity 
and false positive values expected to be 
achieved by chance alone for each 
decision threshold.

True Positive Fraction

False Positive Fraction

ROC: Receiver Operator CurvesROC: Receiver Operator Curves

Sensitivity = a/a+b (true positive)
SpecificitySpecificity = d/b+d (true negative)

• Select the optimal threshold (not just not just 
guess at >0.5 probabilityguess at >0.5 probability)
• Maximum sensitivity and specificity

everything is 
non-habitat

everything 
is habitat

optimal 
model 
choice
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ROC: Receiver Operator CurvesROC: Receiver Operator Curves

An Area Under the Curve (AUC) >0.9 is excellent, so a value of 0.86 is “very good”.
(AUC ranges from 0.5 – 1.0)

The 'best' cutoffs maximizing sensitivity and specificity:

When minimizing sqrt((1-sensitivity)^2 + (1-specificity)^2)

Marker value Sensitivity Specificity 
physeter.prob 0.1153072 0.7722772   0.7934694

Evaluating the Area Under the Curve (AUC)
Markers:

ROC            AUC Cont(0): n   mean std.dev cv Case(1): n  mean std.dev cv
physeter.prob 0.86  1225 0.0661  0.0938 1.4         101 0.198   0.117 0.59

Evaluating the model with ROC
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Sperm Whale: Sperm Whale: PhyseterPhyseter macrocephalusmacrocephalus
(P. (P. catadoncatadon))

~50% Prob. Threshold

Using a >50% probability threshold:

Model output calculated for: oceanographic 
conditions, August 5-12 1998 

Too conservative 
many “errors of omission”
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Sperm Whale: Sperm Whale: PhyseterPhyseter macrocephalusmacrocephalus
(P. (P. catadoncatadon))

~11% Prob. Threshold

Using a >11% probability 
threshold:

Model output calculated for: oceanographic 
conditions, August 5-12 1998 

Optimizes 
“errors of omission” vs. 
“errors of commission”
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At large spatial scales:

At finer spatial scales:

Marine mammal
distribution

Bathymetric and water 
temperature gradients

Prey
availability

Temporal lagsTemporal lags

PrimaryPrimary
productivityproductivity

Marine animalMarine animal
distributiondistribution

Oceanography      Oceanography      
(winds,currents(winds,currents)

SpatioSpatio -- temporal habitat modelingtemporal habitat modeling
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Time

20022002--1212

20032003--0101

20032003--0202

20032003--0303

20032003--0404

20032003--0505

Space

Marine animal 
observations

“Persistent”
SST Event

SST in Mid-Atlantic

Spatio-Temporal Model

Statistical modeling approach will 
allow for  “antecedent”
oceanographic  conditions to be 
used to more accurately predict 
potential habitat.

Marine animal habitat modelingMarine animal habitat modeling
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Types of modelsTypes of models

Source: Guisan & Zimmermann, 2000.

Different Statistical Approaches to Ecological Habitat Modeling

(a) Generalized Linear Model with 
second order polynomial terms; 

(b) Generalized Additive Model with 
smoothed spline functions;

(c) Classification Tree (CART); 
(d) Environmental Envelope models
(e) Canonical Correspondence 

Analysis; 
(f) Bayesian models according to 

Aspinall (1992); 
pp  posterior probability of presence of the modeled 
species, ppp a priori probability of presence, ppa a 
priori probability of absence, pcp product of 
conditional probability of presence of the various 
predictor classes, pca product of conditional 
probability of absence of the various predictor 
classes.
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Time

Space

Marine animal habitat modelingMarine animal habitat modeling
habitat models Spatio-temporal habitat models

Environmental variables associated by space Environmental variables associated by space & time

Example case: 
if temperature (x) & productivity (y) 
persist for time limits > (t) and spatial connectivity 
constraints < (s)
the probability of occurrence ~p  

Example case: 
if temperature (x) & productivity (y) & depth (d)
the probability of occurrence ~p  
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Science needsScience needs

SpatioSpatio--temporal modeling needs…temporal modeling needs…

“In order to predict dynamic behavior we need to “In order to predict dynamic behavior we need to 
model dynamic behavior…model dynamic behavior…

Needs:Needs:
more objective, spatialmore objective, spatial--temporal models of…temporal models of…

animal responses to ocean dynamicsanimal responses to ocean dynamics
time lagged ecosystem processes time lagged ecosystem processes 
responses to antecedent conditionsresponses to antecedent conditions
better model evaluation / decision support toolsbetter model evaluation / decision support tools
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Science needsScience needs

BackgroundBackground

Habitat characterizationHabitat characterization
Benthic “habitat”Benthic “habitat”
Pelagic “habitat”Pelagic “habitat”

SpatioSpatio--temporal modelingtemporal modeling
Habitat modelingHabitat modeling
Model evaluationModel evaluation
SpatioSpatio--temporal analysistemporal analysis

Connectivity analysis frameworkConnectivity analysis framework
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adult

Planula
larvae

recruit
dispersal

settlement

survival

coral ecologycoral ecology

conceptual modelconceptual model

network modelnetwork model

hydrodynamic modelhydrodynamic model

MPA network design analysisMPA network design analysis

L
y
Lv

x
Lu

y
L

x
LK

t
L λ−

∂
∂

−
∂
∂

−⎥
⎦

⎤
⎢
⎣

⎡
∂
∂

+
∂
∂

=
∂
∂

22

2

22

2

BFLc
t

B
shoret

xy µ−=
∂

∂

shoret
shore

FLcmB
x
LK −=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

Running “particle tracking” in Running “particle tracking” in 
commercial GIS systems is commercial GIS systems is 
generally not feasible…generally not feasible…
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Eric Eric TremlTreml Ph.D. CandidatePh.D. Candidate

Marine Reserve Network DesignMarine Reserve Network Design

Combining Hydrodynamic & Network modelsCombining Hydrodynamic & Network models

(Spalding et al 2001)

Centered on American Samoa Centered on American Samoa 

This project required significant development outside of the GISThis project required significant development outside of the GIS

former NOAA Coastal Services Center GIS Analyst…former NOAA Coastal Services Center GIS Analyst…
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42 day model run42 day model run

Larval dispersion Larval dispersion 
simulationsimulation



September 8, 2004

Structure: Adjacency Matrix [A], Vertices Matrix [V]

Tests
connectedness
upstream/downstream 
traverse time / distance
node removal

MethodsMethods
Network (Graph Theory) FrameworkNetwork (Graph Theory) Framework

A1,2
= 35Days 1

2
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ResultsResults
Network AnalysisNetwork Analysis

Yearly variabilityYearly variability
w/45day thresholdw/45day threshold

1997
El Niño

2001
Neutral

1999
La Niña

1997
El Niño

2001
Neutral

1999
La Niña
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Structure: Adjacency Matrix [A], Vertices Matrix [V]

Tests
connectedness
upstream/downstream
traverse time / distance
node removal

MethodsMethods
Network (Graph Theory) FrameworkNetwork (Graph Theory) Framework

A1,2
= 35Days 1

2
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American Samoa
Few upstream larval sources
Moderate seasonal variability
Higher rate of retention?

Preliminary Data: Preliminary Data: ResultsResults

upstreamupstream

downstreamdownstream
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Structure: Adjacency Matrix [A], Vertices Matrix [V]

Tests
connectedness
upstream/downstream
traverse time / distance
node removal

MethodsMethods
Network (Graph Theory) FrameworkNetwork (Graph Theory) Framework

A1,2
= 35Days 1

2
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ResultsResults
Network Analysis Network Analysis –– Species’ Dispersal ThresholdsSpecies’ Dispersal Thresholds

84 days84 days -- fishfish
56 days56 days -- crustaceanscrustaceans
45 days45 days -- broadcasting coralsbroadcasting corals
21 days21 days -- urchins and starfish urchins and starfish (~14 (~14 –– 28 day)28 day)
10 days10 days -- giant clam & sponge larvaegiant clam & sponge larvae

(very approximate times for representative species…)
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Results
Network Analysis – Species’ Dispersal Thresholds

~84 day threshold~84 day threshold

Reef FishReef Fish
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~56 day threshold~56 day threshold

Results
Network Analysis – Species’ Dispersal Thresholds

CrustaceansCrustaceans
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~45 day threshold

Results
Network Analysis – Species’ Dispersal Thresholds

Broadcasting CoralsBroadcasting Corals
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~21day threshold~21day threshold

Results
Network Analysis – Species’ Dispersal Thresholds

UrchinsUrchins

StarfishStarfish
(14(14--28 days)28 days)
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~10 day thresholdthreshold

Results
Network Analysis – Species’ Dispersal Thresholds

Giant ClamsGiant Clams
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Structure: Adjacency Matrix [A], Vertices Matrix [V]

Tests
connectedness
shortest paths
upstream/downstream
node removal

MethodsMethods
Network (Graph Theory) FrameworkNetwork (Graph Theory) Framework

A1,2
= 35Days 1

2
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Results
Network Analysis – Key Stepping Stones (nodes)

“critical-links” in the chain…
Nodes are iteratively 
removed and their 
“contribution to the network 
is recalculated 
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Results
Network Analysis – Key Stepping Stones (nodes)
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Benzie & Williams, 1997

Future WorkFuture Work
Explore Relationships With Genetic DataExplore Relationships With Genetic Data

Phylogeography
+ Where is gene flow likely limited 
+ Spatially explicit gene flow hypotheses
+ Test: genetic distance & network distance
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Science needsScience needs

Marine connectivity analysis needs…Marine connectivity analysis needs…

“Analyzing functional connectivity will require “Analyzing functional connectivity will require 
new new spatiospatio--temporal frameworks …temporal frameworks …

Needs:Needs:
more objective, spatial analysis framework for more objective, spatial analysis framework for 

connectivity analysisconnectivity analysis
combination of hydrodynamics with ecosystem combination of hydrodynamics with ecosystem 

dynamicsdynamics
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Science needsScience needs

Background Background 

Habitat characterizationHabitat characterization
Benthic “habitat”Benthic “habitat”
Pelagic “habitat”Pelagic “habitat”

SpatioSpatio--temporal modelingtemporal modeling
Habitat modelingHabitat modeling
Model evaluationModel evaluation
SpatioSpatio--temporal analysistemporal analysis

Connectivity analysis frameworkConnectivity analysis framework
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Questions?Questions?
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